Autophagy Protects Against Senescence and Apoptosis via the RAS-Mitochondria in High-Glucose-Induced Endothelial Cells
Other unmentioned reagents were purchased from Sigma (St. Louis, USA).
Cell culture
The human umbilical vein endothelial cell (HUVEC) line and endothelial cell media (ECM) were purchased from ScienCell (Carlsbad, California, USA). The HUVECs were grown in ECM (glucose: 5.5 mM). The cells were starved by growing without FBS for 12 h and were then exposed to Table 1 . Oligonucleotide sequences of the primers and siRNAs glucose at concentrations of 5.5, 11, 16.5, 22, 27.5 or 33 mM for 72 h. An equal concentration (27.5 mM) of mannitol was added to eliminate the effect of osmotic pressure caused by high glucose. At 6 h before the cells were treated with benazepril (100 μM), losartan (50 μM) or PD123319 (10 μM), the cells were cultured in the presence of glucose (33mM) for an additional 72 h to evaluate the role of RAS. Ang (1 μM) was appended for 72 h to active RAS. To impair autophagy, chloroquine (10 μM) for 6 h or 3-MA (5 mM) for 24 h was appended before glucose administration. Additionally, CC (1 μM) or AICAR (0.5 M) was appended for 24 h before glucose administration to regulate AMPK phosphorylation.
Real time reverse transcription PCR (RT-PCR)
Total RNA was converted to cDNA using murine leukemia virus reverse transcriptase (Promega, Mannheim, Germany). The RT-PCR was executed using an ABI 7500 system using SYBR Premix chemistry (Takara, Shiga, Japan). The primers (Takara, Shiga, Japan) are displayed in Table1.
Measurement of ROS, ΔΨm or cytoplasmic Ca

2+
After staining with DCHF-DA (ROS) for 30 min, JC-1 (0.3 μg/ml, ΔΨm) for 30 min or Fluo4-AM (1 μM, cytoplasmic Ca
) for 45 min, respectively, cells were examined using fluorescence microscopy or flow cytometry.
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SAHF detection
Cells were fixed using 90% ice-cold methanol for 10 min and then treated with 0.1 μg/ml anti-fade DAPI for 2 min. The samples were analyzed using a fluorescence microscope.
TUNEL detection
Tissue sections were deparaffinized and hydrated and then tissue slices were permeabilized using protease K and incubated with terminal deoxynucleotidyl transferase (TdT) enzyme for 90 min. DAB was applied for 30 sec. The samples were imaged using a microscope.
siRNA transfection Cells were transfected with either control RNA, siRNA targeted human LC3 and Beclin1 using the lipofectamine RNAiMax procedure. The siRNA sequences are shown in Table1.
Fluorescence imaging of LC3 or cytC release
After staining with 200 nM MitoTracker Red for 30 min (For cytC release), cells were fixed, permeabilized and blocked. Cells were incubated sequentially with anti-LC3 or anti-cytC solution at 4 °C overnight and a Dy-Light TM 488-conjugated secondary antibody solution at room temperature for 1 h, and then 1 μg/ml anti-fade DAPI solution for 2 min. Cells were analyzed using a fluorescence microscope.
Western blotting
Cells were lysed in ice for 45 min. Samples of equal concentrations of protein were subjected to 8-12% SDS-PAGE, transferred to PVDF membranes and blocked using 5% non-fat milk. The membranes were coated with primary antibodies overnight and then incubated with HRP-conjugated secondary antibodies for 1 h. Immunoblots were developed using enhanced chemiluminescence reagents (Bio-Max, Israel).
Immunohistochemical analysis
After deparaffinizing, tissues were hydrated and blocked and then incubated sequentially with primary antibodies for 2 h and then antidigoxigenin-conjugated secondary antibodies for 1 h (tissue slices were washed carefully between antibody solutions). After incubating with DAB, the samples were imaged.
Animal model
Blood glucose levels were measured at 72 h after STZ (70 mg/kg) i.p. injections into SD rats (180-220 g). Rats with glucose levels >16.4 mM were considered to have undergone successful induction of diabetes. The diabetic rats were randomly divided into three groups and administered intragastric benazepril (10 mg/kg/d), losartan (80 mg/kg/d) or equal volume of physiological saline for 8 weeks.
Bioassay of vasoreactivity
After the rats were anesthetized, a section of the thoracic aorta was rapidly dissected out and immersed in chilled Krebs solution ((mM) NaCl, 118; KCl, 4.7; MgSO 4 ·7H 2 O, 1.2; KH 2 PO 4 , 1.2; CaCl 2 , 2.5; NaHCO 3 , 25; glucose, 11; and bubbled with 95% O 2 +5% CO 2 (pH 7.4)). The aortic rings were cut into 3-5-mm lengths after carefully removing the perivascular tissue. After equilibrating at a 2.0 g initial load for 60 min, the rings were precontracted using phenylephrine (1 μM). After the developed tension reached its maximum, the rings were relaxed using cumulative doses of acetylcholine (0.001-10 μM) or SNP (0.001-10 μM).
Human Study
Informed consent was obtained from all participants in accordance with the guidelines of the Human Subjects Committee of the Medical Ethical Commission of the First Affiliated Hospital of Zhejiang University (Zhejiang, China). All samples were obtained from the left gastric artery after subtotal gastrectomy. We selected the left gastric artery as a target because subtotal gastrectomy was the most popular operation in patients without tumors, and the left gastric artery was of sufficient size (5-8 cm in length) for endothelial cell collection. Patients with hypertension, heart disease or tumors were excluded. After carefully washing the samples, the arterial inner lumen was filled with 0.25% trypsin and digested for 10 min at 37 °C, and then the arterial inner lumen was swilled with PBS three times. The trypsin and PBS solution were collected and centrifuged. After removing the supernatants, the cell sediments were added to a lysis buffer and western blotting was completed.
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Statistical analyses Significant differences were determined using SPSS14.0 software, and all data are presented as the mean ± SEM. Comparisons were performed using one-way ANOVA followed by Tukey's HSD test. The data for vascular contraction and vasodilatation were analyzed using two-way ANOVA. A value of p< 0.05 was considered to be statistically significant.
Results
High glucose increased ACE1 and AGTR1 expression
To assess whether high-glucose induces RAS activation in endothelial cells, we firstly examined the expression of ACE1 and AGTR1 mRNA and protein. As shown in Fig. 1A , glucose induced ACE1 or AGTR1 mRNA and protein expression but not AGTR2 expression (data not shown). The expression of ACE1 or AGTR1 reached its maximum value at 33 mM glucose for 72 h, whereas incubation with mannitol did not change RAS expression.
RAS participates in regulating high-glucose-induced mitochondrial dysfunction in HUVECs
As shown in Fig. 2A , following a 72-h treatment with 33 mM glucose, we observed a nearly 30% reduction in mitochondrial membrane potentials (ΔΨm). In parallel to the loss in ΔΨm, cytC was released into the cytoplasm. Furthermore, glucose treatment resulted in a Then we manipulated Ang to activate the RAS (Fig. 1C) . Moreover, ACEI (benazepril) or AGTR1 blockers (losartan) were used to suppress RAS (Fig. 1B) . HUVECs exposed to Ang showed similar responses to high glucose, including loss of ΔΨm, redistribution of cytC, increased cytoplasmic Ca 2+ , increase in ROS production and decrease in NADPH expression, whereas the presence of benazepril or losartan reduced the negative effects (Figs. 2A-2E,3D). Interestingly, the blockage of AGTR2 with PD123319 did not show any beneficial effect (data not shown).
RAS-mitochondria participate in regulating high-glucose-induced cellular dysfunction in HUVEC
Autophagy, senescence and apoptosis are important responses to mitochondrial damage [6] , therefore, increased levels of autophagic biomarkers, including LC3, beclin1 and p62 protein, were firstly investigated (Fig. 3A) . Additionally, we noted that high glucose induced LC3 aggregation to one side of the nucleus, with the aggregate shaped as a cap/tube (Fig. 3A) . Additionally, cells incubated with high glucose showed increased phosphorylation of AMPK and ULK proteins and expression of PINK1 protein (Fig. 3B) , which are the possible underlying promoters of autophagy [4, 6] . To further reveal the role of the RAS, we observed the effects of Ang, benazepril or losartan on HUVEC autophagy following highglucose treatment. Similar to high glucose, Ang induced a significant increase in the number of autophagic vacuoles per cell and the expression of autophagic biomarkers. Moreover, benazepril and losartan ameliorated the high-glucose-mediated autophagic response (Figs.  3C,3D ). the cells with carbonyl cyanide 3-chlorophenylhydrazone (CCCP) to open the mitochondrial permeability transition pore (mPTP). We noted that CCCP exerted a direct pro-damage action on HUVEC survival, including the loss of ΔΨm, increased expression of p21 protein and autophagic biomarkers, redistribution of cytC (data not shown). But the percentage of cells undergoing apoptosis only increased when the cells were treated with 4 μM CCCP for 12 h (Fig. 4G) . Additionally, the negative effects were not modulated by benazepril or losartan (data not shown). These data indicated that RAS induced HUVEC damage via the mitochondria. 
High-glucose-or Ang-induced autophagy in HUVECs is associated with senescence and apoptosis
Autophagy biogenesis initiates from the activation of the ULK1 complex through AMPK phosphorylation and the recruitment of the beclin1 complex and elongates under the LC3-phosphatidylethanolamine (PE) complex. Damaged-mitochondria can also activate autophagy through the stabilization of PINK1 and recruitment of PARK2 [18] . First, we used a low dose of CCCP to induce autophagy. As shown in Fig. 5A , the senescence response was reduced. Then, 5-aminoimidazole-4-carboxyamide ribonucleoside (AICAR, an AMPK agonist) and Compound C (CC, an AMPK inhibitor) were used to regulate AMPK activity. AICAR induced AMPK phosphorylation and high-expression of autophagy biomarkers (Figs.  3A,3B) ; as a result, HUVECs senescence appeared to be reduced. In contrast, the incubation of HUVECs with CC induced the opposite results (Figs. 4A,4C,4D) . Moreover, neither AMPK nor CC affected mitochondrial function or apoptosis ( Figs. 2A-2D) . Furthermore, we used 3-MA to block autophagosome formation. SA-β-gal-positive cells and cell cycle arrest in response to high glucose were significantly increased in 3-MA-treated-HUVECs (Figs. 5B,5C ). We then generated autophagy-deficient cells by inhibiting the expression of MAP1LC3 and beclin1 (Fig. 5E) . Similarly, a robust increase in SA-β-gal-positive cells, cell cycle arrest, p21 protein expression and typical SAHF formation (Figs. 5E-5H) were observed in these cells. Because autophagy limited the senescence response, we determined that it also regulated apoptosis. As shown in Figs. 5D,5I, autophagy-deficient HUVECs treated with high glucose showed an increase in annexin-V binding.
Additionally, MAP1LC3B siRNA or BECN1 siRNA was also administrated to Ang-treated HUVECs and caused a robust apoptosis-or senescent-burden upon Ang-induced stress (Figs. 5J-5L ). Combining these results, we deduced that autophagy limited the senescence and apoptosis responses to high glucose.
3-MA blocked the benazepril-or losartan-mediated beneficial effects of HUVECs
Next, we compared the beneficial effects of benazepril or losartan in untreated cells versus 3-MA-treated HUVECs. As shown in Fig. 6 , the high-glucose-induced senescence responses and Fluo-4AM-staining burden were enhanced in 3-MA-treated cells but not in untreated cells. Benazepril or losartan induced beneficial effects that disappeared when 3-MA was present. Furthermore, benazepril and losartan did not reverse the 3-MA-induced increase in annexin-V-positive cells. These data confirmed that autophagy limits RASmediated HUVEC damage following high-glucose administration. The accumulation of autophagic, senescent and apoptotic aggregates in diabetic rat aortic endothelium As shown in Fig. 7 , acetylcholine (Ach)-induced endothelium-dependent relaxation (EDR) in diabetic rat aortic rings were significantly impaired; the half-maximal effective concentration (EC 50 ) of Ach was increased from 85.43±9.82 nM to 194.77±8.59 nM. Moreover, an accumulation of LC3-, beclin1-and p62-positive aggregates and increased activity of SA-β-gal were observed in endothelial cells and smooth muscle cells. Furthermore, we observed a marked increase in TUNEL-positive endothelial cells. Chronic administration of benazepril Fig. 7 . The accumulation of autophagic, senescent and apoptotic aggregates in diabetic rat aortic endothelium. Sham, normal control rats; DM, untreated diabetic rats; DM + benazepril, diabetic rats receiving benazepril; DM + losartan, diabetic rats receiving losartan. A. Benazepril or losartan significantly ameliorated diabetes-induced EDR-impairment. Neither diabetes nor RAS inhibitors had any significant effect on EIR. LC3 (B), beclin1 (C) and p62 (D) were absent or faint in blots of endothelial cells from normal control rats whereas an accumulation of LC3, beclin1 and p62-positive aggregates were detected in endothelial cells and smooth muscle cells from DM rats. Benazepril and losartan reduced LC3, beclin1 and p62-positive aggregates in diabetic aortic rings. E. DM induced a significant increase in TUNEL-positive endothelial cell number, and benazepril and losartan reduced TUNEL-positive endothelial cell number. F. Increased activity of SA-β-gal was observed in diabetic rats and was inhibited following chronic administration of benazepril or losartan. N=3 rats. (Fig. 7A) . Human Study A total of 6 control patients and 7 diabetic patients were enrolled in this study. There were no differences in clinical profiles, such as age, gender and medication use (data not shown). The postprandial glycemia at 2 h was 8.34±2.1 mM in the control patients versus 14.16±3.62 mM in the diabetic patients. After digestion, ratio of the factor-VIII-positive cells to the total collection cells was 77.47±5.71%. Immunoblotting revealed an increased expression of ACE and AGTR1 proteins in vessels from the diabetic patients. Autophagicor senescent-biomarkers were also detected in the diabetic patients. Furthermore, bax was absent or very faint in blots of the control vessels, whereas its expression was significantly more intense in the vessels from the diabetic patients (Fig. 8) . These data suggest that the RAS may be linked to the autophagic, senescent and apoptotic response in diabetic patients.
Discussion
In this study, we report that high-glucose-induced senescence, apoptosis and autophagic phenotypes in HUVECs, diabetic rats and humans in a RAS-mitochondria-dependent manner. Ang mimics high-glucose-induced HUVEC damage, whereas benazepril or losartan attenuates these negative effects. Direct mitochondrial damage using CCCP abolishes benazepril-or losartan-mediated beneficial effects. Moreover, a deficiency of autophagy using siRNA or pharmacologic therapy accelerates high-glucose-or Ang-induced senescence and apoptosis and even abrogates benazepril-or losartan-mediated beneficial effects. Additionally, activated autophagy using AICAR or a low dose of CCCP reduces senescence. Thus, autophagy protects against senescence and apoptosis via the RAS-mitochondria in high-glucose-induced endothelial cells.
High-glucose is a pluripotent toxic factor and an important contributor to cardiomyopathy, atherosclerosis, hypertension and glomerulosclerosis [5] . The mechanism by which highglucose triggers cell damage and to what degree the different forms of damage are initiated, including autophagy, senescence and apoptosis, remain unclear. RAS has traditionally been thought to be critical for the development of cardiovascular diseases [19] ; therefore it is also a candidate for being a glucose target. In the present study, we indicated that high-glucose-
induced high expression of ACE1 and AGTR1 and regulated RAS activity could influence HUVEC damage, which verified the potential target role of RAS. At present, it is believed that many RAS-initiated effects are currently accepted to be mediated by mitochondrial-ROS. Exogenous Ang-caused-senescence is inhibited by valsartan or superoxide dismutase [SOD; [20] [21] [22] . Moreover, the overexpression of catalase targeted to mitochondrial in mice appears resistant to hypertrophy, mitochondrial damage and heart failure induced by Ang or by the overexpression of Gαq [17] . Additionally, activated-NADPH oxidation increases mitochondrial ROS production in Ang-induced endothelial cells [20] . Addiotionally, Ang has been shown to interact with Ca 2+ -mediated signaling [17] . In the present study, high glucose or Ang significantly induced a decrease in ΔΨm decrease, cytC redistribution, a Ca 2+ overload, increased ROS production and a decrease in NADPH. Moreover, benazepril or losartan inhibited mitochondrial dysfunction. Additionally, the opening of mPTP abolished benazepril-or losartan-mediated beneficial effects. These data confirmed the causal role of RAS-induced mitochondrial damage in high-glucose-induced HUVECs.
Mitochondria-ROS acts as a central regulator of RAS-mediated cell damage, such as autophagy, senescence and apoptosis. Autophagy is initiated from damaged mitochondria through different manners then completes the degradation of the damaged mitochondria; it is therefore a very important process for mitochondrial quality control. First, damaged mitochondria-induced ROS production and energy depletion stimulates the phosphorylation of AMPK. AMPK phosphorylation is essential to control the activity and proper phosphorylation of ULK1, which forms a stable complex with autophagy-related (Atg) proteins. Autophagy initiates from the recruitment of the ULK1 complex and beclin 1 complex for the isolation of membrane formation [23] . Second, the loss of ΔΨm, which is induced by mitochondrial depolarization, stabilizes PINK1, a mitochondrial outer membrane-associated protein.
Aggregation of PINK1 recruits PARK2, an E3 ubiquitin ligase, from the cytoplasm to the damaged mitochondria. PARK2 causes ubiquitination of the outer mitochondrial membrane proteins. The ubiquitinated mitochondria are recruited to the early-stage autophagosome through p62 binding [24] . Although controversial, p62 accumulation is typically interpreted as a symptom of lysosomal degradation and the exact opposite to enhanced autophagy flux [25] [26] [27] . The increase in p62 may indicate that autophagy is not sufficient to process the damaged proteins bound to p62. Then, mitophagy receptors BNIP3 and FUNDC1 directly present the damaged mitochondria to autophagosomes through LC3-binding [18] . Moreover, the mitochondrial localization of ERK2 has been reported to initiate autophagy [28] . In our test, Ang mimicked high-glucose-induced autophagy in HUVECs, including the phosphorylation of AMPK-ULK, the expression of PINK1-p62, LC3 and beclin1 and the formation of the autophagosome, whereas benazepril or losartan ameliorated high-glucoseinduced autophagic responses, which were reversed by CCCP. These data prove that the RASmitochondria pathway plays a critical role in high-glucose-induced autophagy in HUVECs. Furthermore, if autophagy failed to digest the damaged mitochondria, mPTP opening would extensively induce serious ΔΨm loss, abundant ROS production and cytC release and affluent caspase activation. Then, the damaged cells would dye through apoptosis or necrosis [29] . In our present study, although high glucose, Ang or a low dosage of CCCP induced mitochondrial damage, the percentage of apoptotic cells was unchanged, whereas a high dosage of CCCP increased the percentage of apoptotic cells. Additionally, the TUNEL-positive endothelial cells or bax/bcl2 expression increased in diabetic rats or humans, which would be reduced by using benazepril or losartan. Apart from autophagy and apoptosis, mitochondrial-ROS contributes to RAS-induced cell senescence. ROS-induced protein S-nitrosylation seems to be the major contributor, while sulfhydryl-ACEI promotes endothelial cell survival and delays senescence [15, 30] . The present study provides evidence that high-glucose-or Ang-induced mitochondrial ROS increase causes increases in SA-β-gal-or SAHF-positive cell numbers, cell cycle arrest and p21 protein expression. Moreover, benazepril or losartan inhibits senescence, which is abolished by using CCCP. These data reveal that the RAS-mitochondria-ROS play key roles in high-glucose-induced endothelial senescence. 
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Current evidence supports the fact that autophagy appears to mediate resistance to apoptosis, whereas increased apoptotic cells appear if autophagy is blocked. In contrast, beclin1, a major component of the autophagosome, combines with the anti-apoptotic Bcl-2 family to impair autophagy in senescent fibroblasts [9-11, 31, 32] . Beclin1 expression decreases in senescent cells and older tissues in parallel with an increase in the expression of the Bcl-2 family and a lower lysosomal uptake of binding substrates [33, 34] . Thus, autophagy inhibition accelerates the development of senescence and apoptosis, although this theory is controversial [10] . The co-regulation of p62 and LC3 causes dual effects on autophagic and senescent responses: decreases in autophagic and senescent programs or increases in autophagic and senescent biomarkers have been reported [35] . This paradox also appears in the inhibition of atg5, atg7 and atg3, which are accompanied by no change in apoptosis [36] [37] [38] . In this study, we confirmed that autophagy limited senescent and apoptotic responses in high-glucose-or Ang-treated HUVECs. Targeting autophagy induced robust SA-β-gal staining and increased cell cycle arrest, p21 protein expression, SAHF formation and even newly presenting annexin-V-positive cells. Interestingly, TUNEL-positive endothelial cells or increased bax/bcl2 expression were observed in diabetic rats or patients with intact autophagic mechanisms. This discrepancy may be attributed to variability in the time of high glucose administration. Although autophagic-level increases in Ang-treated heart muscle or myocardiocytes [10] [11] [12] [13] [14] [15] , the autophagic pathway has been shown to play a cytoprotective role in maintaining cardiac function [39, 40] . In our present study, RAS-induced autophagy seems to mediate a resistance to apoptosis and senescence in high-glucose-or Ang-treated HUVECs, while 3-MA abolishes benazepril-or losartan-reduced senescence and the apoptotic cells increase. These data provide evidence that autophagy limits RAS-mitochondrial-ROSmediated cell damage in high-glucose-induced HUVECs.
In conclusion, high glucose induced increased autophagy, senescence and apoptotic responses via RAS-mediated mitochondrial damage in endothelial cells. A deficiency in autophagy enhanced the senescence response and caused apoptosis, whereas it inhibited the beneficial effects induced by benazepril and losartan. Many questions must be answered regarding the molecular network underlying these responses. However, the possibility of the essential role of autophagy on RAS-mediated cellular damage is very exciting.
